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Abstract
We study the effects of flavor symmetry breaking on holographic dense matter and compact stars
in the D4/D6 model. To this end, two light flavors and one intermediate mass flavor are considered.
For two light quarks, we investigate how the strong isospin violation affects the properties of
holographic dense matter and compact stars. We observe that quark-antiquark condensates are
flavor dependent and show interesting behavior near the transition from dense matter with only
one flavor to matter with two flavors. An intermediate mass quark is introduced to investigate the
role of the third flavor. The mass-radius relations of holographic compact stars with three flavors
show that the mass-radius curve changes drastically at a transition density from which the third
flavor begins to appear in the matter.
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I. INTRODUCTION
Based on the Anti de Sitter/conformal field theory (AdS/CFT) correspondence [1–3], pos-
sibilities of studying strongly interacting systems such as quantum chromodynamics (QCD)
at low energy have been explored. There are in general two distinct ways to construct holo-
graphic dual models of strongly interacting systems. One is a top-down approach based on
stringy D-brane configurations. Another is a bottom-up approach, where a 5D holographic
dual is constructed from a boundary field theory such as QCD. For reviews on holographic
QCD we refer to [4].
Compact stars that we are interested in are neutron stars in which strong interaction
dominates. Neutron stars have been observed mainly in radio pulsars and low mass X-
ray binaries (LMXB). Most of the radio pulsars are single neutron stars with which mass
measurement is very hard, hence neutron star masses have been estimated mainly in binaries
[5, 6]. The maximum mass of neutron star is believed to be larger than 2M, the mass of
neutron stars in neutron star-white dwarf binaries J1614−2230 [7] and J0348+0432 [8]. In
addition, possibilities of estimating both mass and radius of neutron star in LMXB have
been suggested [9–11]. Based on these observations, many neutron star equations of state
have been ruled out. However, due to the uncertainties in the equations of state at high
densities beyond normal nuclear matter density, the inner structure of neutron star is still
unknown.
Symmetry energy and the strange quark may play a very important role in describing
the central region of neutron stars. Symmetry energy is the energy difference due to the
asymmetry in isospin, i.e., the number of protons and neutrons. After the discovery of
2M neutron stars [7, 8] harder equations of states are favored in many literature and the
symmetry energy turned out to be crucial in making the harder equations of states. On
the other hand, as density increases, the Fermi energy of up and down quarks (neutrons
and protons) becomes very high and the strange quark (hyperon) should come in because
the introduction of one more quark degree of freedom can reduce the total energy of the
system. The strange quark is neither light nor heavy compared to the other quarks in the
density region which we are interested in. In many effective models, the strange quark has
been treated separately from up and down quarks mainly due to the current quark mass
differences.
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In our previous work [12], we used the equation of state (EoS) from holographic QCD
models to see if any holographic QCD models support a stable compact star. Even though
the radii of holographic stars are much larger than those of observed neutron stars, we
found that the stable compact stars are possible in the D4/D6 model. For a recent study
on holographic neutron stars based on the probe D8 brane we refer to [13]. In the present
work, we use the D4/D6 model (in the confining phase) to investigate the effects of flavor
symmetry breaking on holographic dense matter and compact stars. As well known, one of
the excellent points of the D4/D6 model is that the model can easily incorporate non-zero
quark masses. Therefore, the D4/D6 model may be suitable for investigating flavor physics,
especially phenomena associated with explicit flavor symmetry breaking due to the quark
mass differences.
In Sec. II we introduce the model and discuss previous works in the D4/D6 model with
different quark masses. In Sec. III we discuss the meson mass splitting and demonstrate that
the model might be an adequate tool for investigating asymmetric dense matter with Nf > 1.
In Sec. IV the quark-antiquark condensates are discussed to see their flavor dependence in
the asymmetric dense matter. In Sec. V we study the effects of explicit flavor symmetry
breaking on the properties of compact stars. Our discussion follows in Sec. VI.
II. D4/D6 MODEL WITH EXPLICIT FLAVOR SYMMETRY BREAKING
In this section, we introduce the D4/D6 model [14] and its extended version in (asym-
metric) dense matter with Nf ≥ 1 [15–17]. In the probe approximation, the Nc D4 branes
are replaced by the corresponding type IIA SUGRA background while Nf D6 branes are
treated as probes. The solution of the confining D4 brane reads
ds2 =
(U
L
)3/2(
ηµνdx
µdxν + f(U)dτ 2
)
+
(L
U
)3/2( dU2
f(U)
+ U2dΩ24
)
=
(U
L
)3/2(
ηµνdx
µdxν + f(U)dτ 2
)
+
(L
U
)3/2(U
ξ
)2
(dξ2 + ξ2dΩ24) , (1)
eφ = gs
(U
L
)3/4
, F4 = dC3 =
2piNc4
Ω4
, (2)
where f(U) = 1− (UKK/U)3 and 4 and Ω4 denote the volume form and volume of the unit
S4, respectively. The D4 branes are compactified in the τ -direction, and U is considered
as a radial coordinate of the transverse to the world-volume of branes. The dimensionless
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radial coordinate ξ is defined by( U
UKK
)3/2
≡ 1
2
(
ξ3/2 +
1
ξ3/2
)
. (3)
The parameters in string theory are related to those in gauge theory as
L3 =
λl2s
2MKK
, UKK =
2λMKKl
2
s
9
, gs =
λ
2piNcMKKls
(4)
with the ’t Hooft coupling λ ≡ g2YMNc. To describe the D6 brane configuration, the back-
ground metric Eq. (1) is rewritten as
ds2 =
(U
L
)3/2(
ηµνdx
µdxν + f(U)dτ 2
)
+
(L
U
)3/2(U
ξ
)2(
dz2 + z2dΩ22 + dr
2 + r2dφ2
)
, (5)
where ξ2 = z2 + r2. The distance between D4 and D6 branes at z = ∞ is interpreted
as quark mass and the coefficient of the second term corresponds to the quark-antiquark
condensate; r(z → ∞) ∼ mq + cq/z . Then, the Dirac-Born-Infeld (DBI) action for the D6
brane, in the case of Nf = 1, becomes
SD6 = −µ6
∫
d7σ e−φ
√
−det(P[g] + 2piα′F )
= −τ6
∫
dtdz z2(1 + 1/ξ3)4/3
√
(1 + 1/ξ3)4/3(1 + r′2)− F˜ 2 (6)
where µ−16 = (2pi)
6l7s , τ6 = µ6g
−1
s Ω2V3(U
3
KK/4) and F˜ = (2
2/3/UKK)2piα
′Fzt = A˜′t . The
source of the gauge field is the end point of the fundamental strings. We define the dimen-
sionless quantity Q˜,
∂LD6
∂F˜
=
z2(1 + 1/ξ3)4/3F˜√
(1 + 1/ξ3)4/3(1 + r′2)− F˜ 2
≡ Q˜ , (7)
where Q˜ is related to the number of fundamental strings Q through Q˜ =
Q/(2piα′τ6)(UKK/22/3). The Hamiltonian of the D6 brane is obtained through the Legendre
transformation,
HD6 = τ6
∫
dz
√
(1 + 1/ξ3)4/3
[
z4(1 + 1/ξ3)8/3 + Q˜2
]
(1 + r′2) . (8)
This D4/D6 model is extended to dense matter in the confined phase for Nf = 1 [15] and for
Nf = 2 [16]. (For details on the D4/D6 model in dense matter, we refer to [15, 16, 18].) A
compact D4 brane wrapping on the 4-sphere S4 transverse to R1,3 is interpreted as a baryon
[18]. To describe the compact D4 brane, the S4 part of the background metric is rewritten
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as dΩ24 = dθ
2 + sin2θdΩ23 . The world-volume coordinates of the compact D4 is ( t, θ, ϕα),
where θ is the polar angle from the south pole. To study dense matter, we turn on the
time component of the gauge field At. The SO(4) symmetry gives the ansatz that all fields
depend on θ, i.e., ξ(θ) and At(θ). The induced metric on this D4 brane is
ds2D4 = −
(U
L
)3/2
dt2 + (L3U)1/2
[(
1 +
ξ˙2
ξ2
)
dθ2 + sin2θdΩ23
]
, (9)
where ξ˙ = ∂ξ/∂θ. The DBI action of the compact D4 brane is then
SD4 =
∫
dtdθ sin3θ
√
(1 + 1/ξ3)4/3(ξ2 + ξ˙2)− F˜ 2 , (10)
where µ−14 = (2pi)
4l5s , τ4 = µ4g
−1
s Ω3L
3(UKK/2
2/3) and F˜ = (22/3/UKK)2piα
′Fθt =
˙˜At . The
Hamiltonian of the compact D4 brane is also given by the Legendre transformation,
HD4 = τ4
∫
dθ
√
(1 + 1/ξ3)4/3(ξ2 + ξ˙2)(D˜2 + sin6 θ) , (11)
where D˜ is given by
D˜(θ) = 2− (3 cos θ − cos3 θ) . (12)
Now, we consider a stability of the D4/D6 system in dense matter. Since Nc fundamental
strings are attached on each compact D4 brane, there exist NB(= Q/Nc) number of D4
branes. The other end of the fundamental string is attached to the D6 brane as a source
of the gauge field. Since the tension of the string is always larger than that of the brane,
the fundamental strings pull both D4 and D6 branes, and then the compact D4 and D6
branes meet eventually at a point. To secure the stability of the system, the force at the
cusp should be balanced, i.e.,
(Q/Nc)fD4 = fD6[Q] . (13)
The force due to the brane tension at the cusp is given by the variation of its Hamiltonian
with respect to the position of contact point,
f ≡ ∂H
∂ξc
∣∣∣
fixed other values
. (14)
At zero temperature, energy density  and pressure p are calculated as
 =
1
V3
( Q
Nc
Ω¯D4 + Ω¯
reg.
D6 [Q]
)
, p =
1
V3
Ωreg.D6 [Q] , (15)
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where Ω and Ω¯ denote the grand canonical potential and its Legendre transform, respectively.
These can be obtained from the on-shell action and Hamiltonian,
Ω ≡ S|on-shell , Ω¯ ≡ H|on-shell . (16)
When we calculate the on-shell values of the probe D6 branes, the integration with the
infinite range of z diverges. Therefore, we should subtract out the zero-density contribution.
Ωreg.[Q] ≡ Ω[Q]− Ω[Q = 0] (17)
III. MESON MASS SPLITTING IN ASYMMETRIC DENSE MATTER
In this section, we recapitulate the meson mass splitting done in [17] to demonstrate the
usefulness of the D4/D6 model in studying flavor physics such as (strong) isospin symmetry
breaking. To study the dynamics of multi D-branes, one has to start with a non-Abelian
DBI action. We use the equation of motion for vector mesons obtained in [17] and calculate
the properties of off-diagonal vector mesons (for instance, ρ± in nature). Though we may
have to use m2/m1 ' 2 to discuss realistic isospin physics, for illustration purpose, we take
m2/m1 = 10 with λ = 10 and MKK = 1.04 GeV.
The result is shown in Fig. 1. Note that similar results were obtained in [17] with
m2/m1 = 3, 30. In this figure the vertical dashed line denotes the transition point from
dense matter with one flavor of mass m1 to that with two flavors (analogous to the transition
from the pure neutron matter to the symmetric matter). Before the transition, as expected,
mass splitting between two vector mesons with opposite isospins naturally occurs. After the
transition, it shows an interesting behavior near the transition density. As discussed in [17],
we could schematically understand this phenomenon as follows. Suppose we take quarks
with masses m1 and m2 as up and down quarks, respectively. The off-diagonal mesons, such
as ρ±, consist of ud¯ (ρ+) and du¯ (ρ−). The transition is from pure up quark matter to matter
with both up and down quarks. Due to the Pauli exclusion principle between down quarks
in ρ− and those in the matter, we can expect that after the transition the mass of ρ− would
increase, while the mass of ρ+ drops much faster since the population of the up quarks drops
after the transition. The drastic change of the meson masses at the transition point is due
to the sudden change of the number densities at the transition point as shown in Fig. 2. As
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FIG. 1: An example of meson mass splitting in asymmetric dense matter with λ = 10 and MKK =
1.04 GeV. The blue (red) curve is analogous to ud¯ (du¯). Q˜c denotes a (dimensionless) transition
density from pure up quark matter to matter with both up and down quarks.
discussed in [17], this behavior is similar to the transition from nuclear matter to hyperon
matter studied within conventional mean field models.
In addition to the work summarized above, there are other studies that may imply the
relevance of the D4/D6 type model to physical phenomena with different quark masses. In
[16], a transition from matter with only a single flavor (lighter one) to matter with two
flavors (lighter and heavier ones) was studied. It is shown that the transition is almost first
order and the number of heavier flavor quarks jumps rapidly at the transition density. As
discussed in [16], this result mimics nuclear matter to hyperon matter transition which may
exist in nature, especially in the interior of neutron stars. In [19], the symmetry energy as
a function of the dimensionless density with three flavors (m1 = m2 < m3) was calculated
in the D4/D6 model. It is shown that the slope of the symmetry energy curve suddenly
decreases at the transition density from matter with two light quarks to matter with two
light and one intermediate mass quarks.
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FIG. 2: The fraction of the down quark in the ground state with λ = 10 and MKK = 1.04 GeV.
Here α is defined by Q˜2 = αQ˜.
IV. QUARK CONDENSATES
In this section we study the effect of explicit flavor symmetry breaking on quark conden-
sates. We consider a two-flavor system with masses m1 and m2. For simplicity, we again
call a quark with m1 (m2) as up (down) quark. We can easily read off the quark-antiquark
condensate from the asymptotic form of the embedding function, r(z → ∞) ∼ mq + cq/z .
In Fig. 3 we show 〈u¯u〉 and 〈d¯d〉 as a function of dimensionless density Q˜, where Q˜c is the
transition density from a dense matter with only up quarks in the ground state to a matter
with both up and down quarks. Here, we take m2/m1 = 7 for illustration purpose. We
observed a similar tendency with m2/m1 = 3, 15, 30.
In general, one can schematically understand why the quark condensate decreases with
density based on the Pauli principle similar to the meson mass splitting. As the density
increases, the low lying phase space relevant for quark-antiquark condensates is occupied by
the fermions that constitute the Fermi sea, and thereby forming quark-antiquark condensates
requires much energy. At low densities (before the transition), only up quarks are in the
ground state, and it is expected that 〈u¯u〉 decreases with density while 〈d¯d〉 may stay
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FIG. 3: Quark-antiquark condensate as a function of Q˜. Here cu ∼ 〈u¯u〉 on the left and cd ∼ 〈d¯d〉
on the right.
constant. After the transition, down quarks start to stack in the ground state rapidly as
in Fig. 2 while the density of up quarks is decreasing accordingly. Therefore, it is expected
that 〈d¯d〉 drops and 〈u¯u〉 increases suddenly right after the transition. Our results in Fig. 3
near the transition density behave as if there exist a well-defined Fermi sea since they show
expected behavior; see, for instance, [20] and [21] for similar observations in a different
context. But, it is not clear whether the well-defined Fermi sea really exists since both 〈u¯u〉
and 〈d¯d〉 eventually increase with densities at high densities and our basic degrees of freedom
are bosons as in the DBI action.
V. HOLOGRAPHIC COMPACT STARS: FLAVOR DEPENDENCE
In this section we study how the quark mass difference and the presence of a third flavor
affect the properties of compact stars. We will focus on the mass and radius of the stars.
For simplicity, we refer to the quarks with masses m1, m2 and m3 as up, down and strange
quarks, respectively.
Firstly, we consider a two-flavor system with masses m1 and m2. As done in [16] and
[17], we solve the equations of motion for the D4 and D6 branes numerically using the free
parameters ξ0, α, m1 and m2, where ξ0 is the initial value of the position variable of the
D4 brane. We take various mass ratios m2/m1 = 1, 2, 7, 15, 20 with m1 = 0.1. Using the
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relation in [22], m1 = 0.1 corresponds to 23.2 MeV. For each Q˜, which represents the total
number density of the system, we optimize the parameters ξ0 and α to obtain the lowest
energy configuration using the force balance condition between the D4 and D6 branes given
in Eq. (13). As shown in [16] and [17], we find that the lowest energy configuration is at
a non-zero α starting from a certain transition Q˜c. In fact, with these asymmetric mass
ratios, i.e., m2/m1 > 1, the α value increases with increasing density and saturates to 0.5
as expected. This way we obtain the energy density and pressure according to Eq. (15) and
put them into the TolmanOppenheimerVolkoff (TOV) equations together with the number
density (which is transformed into the matter density) to calculate the mass and radius of
a compact star. The TOV equation is given by
dp
dr
= −1
2
(+ p)
2m+ 8pir3p
r(r − 2m) , (18)
where r is the circumferential radius and ρ is the baryonic number density. The integrated
mass of the compact star is obtained through m(r) ≡ 4pi ∫ r
0
(r′)r′2dr′.
We present the mass-radius relations obtained from the equations of state of these asym-
metric mass ratio configurations, in Fig. 4. The results show that there exist two distinct
groups in the mass-radius relation curves depending on the value of the quark mass ratio.
Note that for small quark ratios, m2/m1 = 1, 2, 7, the matter consists of almost equal num-
ber of two quarks even at low densities, while for m2/m1 = 15, 20 there is a transition at
a finite density from matter with up quarks only to matter with up and down quarks. As
well known, matter with more flavors has a softer EoS due to small Fermi pressure, leading
to a compact star with lower maximum mass and smaller radius as shown in Fig. 4. We
can see the effect more clearly for the case with larger quark ratios. In most of the cases, at
the transition point (Q˜c), the mass of the holographic compact stars suddenly drops as we
increase the central density, i.e., as we approach the smaller radius. As discussed in Sec. IV,
we may not have a well-defined Fermi sea since we are dealing with bosons. Nevertheless, it
is interesting that our results mimic the phenomena associated with the presence of a Fermi
sea.
Now we consider a three-flavor system with masses m1, m2, and m3. Since the mass
of the strange quark is much larger than those of up and down quarks, we assume that
m1 = m2 < m3. We proceed as previous with two flavors, but here we fix m1 = m2 = 0.1,
which corresponds to 23.2 MeV, and consider different mass ratios m3/m1. Similar to the
9
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FIG. 4: Comparison of mass-radius relations for two flavor case with λ = 10 and MKK = 1.04
GeV. Q˜c denotes the transition density.
two-flavor case, there will be a transition from matter with only up and down quarks to
matter with up, down, and strange quarks. In nature, this may correspond to nuclear matter
to hyperon matter transition. Note that we are in the confined phase since our background
is the confining D4 geometry. For illustration purpose, we choose m3/m1 = 7, 12, 15, 20, 30
and show the results in Fig. 5.
As observed in the two-flavor case, there is a sudden change in the mass-radius curve
at the transition density. This is due to the emergence of the third flavor in the ground
state at the transition point. For m3/m1 = 1, there is a dip in the mass-radius curve when
the EoS undergoes the aforementioned transition, but at this mass ratio, the EoS suddenly
becomes softer when it transitions from two-flavor to three-flavor matter. This is evident in
the pressure versus matter density relation of the EoS in Fig. 6, where the slope suddenly
drops after the third flavor appears in the matter. This region, where the EoS suddenly
becomes softer after the transition, corresponds to the region in Fig. 5 where the dM/dR
is negative, i.e., branch 1, indicating that the star is unstable. When the central density
10
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FIG. 5: Comparison of mass-radius relations for three flavor case with λ = 10 and MKK = 1.04
GeV. “branch 1” denotes the first unstable branch of the EoS with m3/m1 = 1, whereas “branch
2” denotes the second stable branch. The red stars represent two star configurations discussed in
this section.
increases, the star becomes stabilized again, as the EoS becomes hard enough to support the
piling up of matter. We show the density profiles of two star configurations with this EoS
in Fig. 7. The star on branch 1 in Fig. 5 is much more dilute compared to that on branch 2,
indicating that much more matter could be piled up in the latter compared to the former.
For m3/m1 = 2, however, this dip becomes much less pronounced, and as the mass ratio
increases beyond this, the dip vanishes since at these mass ratios, the EoS with only two
flavors is comparable to that with three flavors right after the transition. At these mass
ratios, the slope of the pressure versus matter density relation does not drop as drastically
as compared to the m3/m1 = 1 case after the matter transitions from two to three flavors.
Similar to the m3/m1 = 1 case, as the central density is increased further for these mass
ratios, the three-flavor EoS becomes much harder, to the point where its stiffness exceeds
that with two flavors. The distinguishing point in these higher mass ratio cases is that the
hardening occurs in a much shorter range of central densities after the transition, compared
11
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FIG. 6: The pressure versus matter density relations for the EoSs with m3/m1 = 1, 2 and 7. In
this region, the three EoSs transition from two-flavor to three-flavor matter, at different densities,
denoted by Q˜c on the curves.
branch 1  
branch 2  
FIG. 7: The density profiles of the stars with the m3/m1 = 1 EoS at two central densities, one on
the first unstable branch labeled 1, and the other on the second stable branch labeled 2. The star
configurations are represented by the red stars on Fig. 5.
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to the m3/m1 = 1 case.
As for the radii of the stars in Fig. 5 in general, we observe that they are still much larger
than the realistic neutron star radii [9–11]. However, since the masses are in the reasonable
range, we believe that our work shows the applicability of holographic models to compact
stars.
VI. DISCUSSION
In this work, we studied the effects of explicit flavor symmetry breaking due to quark
mass differences on the holographic asymmetric dense matter and compact stars in the
D4/D6 model. Due to the fact that the D4/D6 model can easily incorporate non-zero quark
masses, we assume that the model may be suitable in investigating flavor physics, especially
phenomena associated with explicit flavor symmetry breaking. Previous works with the
D4/D6 model in asymmetric dense matter [16, 17] seem to support this assumption.
We calculated the meson mass differences and the quark-antiquark condensates in asym-
metric dense matter and found that our quark-antiquark condensates behave as if there
exists a well-defined Fermi sea, at least near the transition density. We investigated the
infinite dense system to obtain the mass-radius relations of compact stars and observed
that the masses of the holographic compact stars suddenly drop at the transition density as
expected.
Even though our approach is very schematic, we showed the applicability of holographic
QCD models in studying dense matter physics. In order to have more realistic holographic
models, it will be important to have a clearer understanding of the relation between D-brane
dynamics and results obtained in this work. In addition, it will be interesting to see if one
can describe the other physical quantities associated with explicit flavor symmetry breaking
using holographic models.
Acknowledgments
The work of Y.Kim and I.J.Shin was supported by the Rare Isotope Science Project
funded by the Ministry of Science, ICT and Future Planning (MSIP) and National Research
Foundation (NRF) of KOREA (2013M7A1A1075766). C.H.L. was supported by the BAERI
13
Nuclear R & D program (M20808740002) of MEST/KOSEF and the Financial Supporting
Project of Long-term Overseas Dispatch of PNU’s Tenure-track Faculty, 2013.
[1] J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998).
[2] S. S. Gubser, I. R. Klebanov and A. M. Polyakov, Phys. Lett. B 428, 105 (1998).
[3] E. Witten, Adv. Theor. Math. Phys. 2, 253 (1998).
[4] Incomplete list: J. Erdmenger, N. Evans, I. Kirsch and E. Threlfall, Eur. Phys. J. A
35, 81 (2008); R. Peschanski, Acta Phys. Polon. B 39, 2479 (2008); S. S. Gubser and
A. Karch, Ann. Rev. Nucl. Part. Sci. 59, 145 (2009); J. Erlich, Int. J. Mod. Phys. A 25,
411 (2010); J. Casalderrey-Solana, H. Liu, D. Mateos, K. Rajagopal and U. A. Wiedemann,
arXiv:1101.0618 [hep-th]; S. J. Brodsky, F. -G. Cao and G. F. de Teramond, Commun.
Theor. Phys. 57, 641 (2012); Y. Kim, I. J. Shin and T. Tsukioka, Prog. Part. Nucl. Phys.
68, 55 (2013); A. V. Ramallo, arXiv:1310.4319 [hep-th]; M. R. Pahlavani and R. Morad,
arXiv:1403.2501 [hep-th].
[5] J. M. Lattimer and M. Prakash, Phys. Rept. 442, 109 (2007).
[6] M. Prakash, PoS CPOD 2013, 024 (2013).
[7] P. Demorest, T. Pennucci, S. Ransom, M. Roberts and J. Hessels, Nature 467, 1081 (2010).
[8] J. Antoniadis, P. C. C. Freire, N. Wex, T. M. Tauris, R. S. Lynch, M. H. van Kerkwijk,
M. Kramer and C. Bassa et al., Science 340, 6131 (2013).
[9] T. Guver, D. Psaltis and F. Ozel, Astrophys. J. 747, 76 (2012).
[10] T. Guver, F. Ozel and D. Psaltis, Astrophys. J. 747, 77 (2012).
[11] J. M. Lattimer and A. W. Steiner, Astrophys. J. 784, 123 (2014).
[12] Y. Kim, C. -H. Lee, I. J. Shin and M. -B. Wan, JHEP 1110, 111 (2011).
[13] K. Ghoroku, K. Kubo, M. Tachibana and F. Toyoda, Int. J. Mod. Phys. A 29, 1450060 (2014).
[14] M. Kruczenski, D. Mateos, R. C. Myers and D. J. Winters, JHEP 0405, 041 (2004).
[15] Y. Seo and S. -J. Sin, JHEP 0804, 010 (2008).
[16] Y. Kim, Y. Seo and S. -J. Sin, JHEP 1003, 074 (2010).
[17] Y. Kim, Y. Seo, I. J. Shin and S. -J. Sin, arXiv:1108.2751 [hep-ph].
[18] E. Witten, JHEP 9807, 006 (1998).
[19] Y. Kim, Y. Seo, I. J. Shin and S. -J. Sin, unpublished.
14
[20] M. Rozali, H. -H. Shieh, M. Van Raamsdonk and J. Wu, JHEP 0801, 053 (2008).
[21] K. -Y. Kim, S. -J. Sin and I. Zahed, JHEP 0809, 001 (2008).
[22] Y. Kim, Y. Seo, I. J. Shin and S. -J. Sin, JHEP 1106, 011 (2011).
15
